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Localized and systemic cytokine production in virus-infected cells play an important role in the outcome of
viral infection and pathogenicity. Activation of the interferon regulatory factors (IRF) in turn is a critical me-
diator of cytokine gene transcription. Recent studies have focused on the 55-kDa IRF-3 gene product as a direct
transcriptional regulator of type 1 interferon (IFN-a and IFN-b) activation in response to virus infection.
Virus infection induces phosphorylation of IRF-3 on specific C-terminal serine residues and permits cytoplas-
mic-to-nuclear translocation of IRF-3, activation of DNA binding and transactivation potential, and associa-
tion with the CBP/p300 coactivator. We previously generated constitutively active [IRF-3(5D)] and dominant-
negative forms of IRF-3 that control IFN-b and IFN-a gene expression. In an effort to characterize the range
of immunoregulatory genes controlled by IRF-3, we now demonstrate that endogenous human RANTES gene
transcription is directly induced in tetracycline-inducible IRF-3(5D)-expressing cells or paramyxovirus-in-
fected cells. We also show that a dominant-negative IRF-3 mutant inhibits virus-induced expression of the
RANTES promoter. Specific mutagenesis of overlapping ISRE-like sites located between nucleotides 2123 and
296 in the RANTES promoter reduces virus-induced and IRF-3-dependent activation. These studies broaden
the range of IRF-3 immunoregulatory target genes to include at least one member of the chemokine super-
family.

Virus infection of susceptible host cells activates a set of
cellular genes, including interferons (IFNs), cytokines, and
chemokines, involved in antiviral defense, cell growth regula-
tion, and immune activation (36). In part, the molecular mech-
anisms by which pathogens induce expression of these cellular
genes involves the activation of transcription regulatory pro-
teins, such as the well-characterized members of the NF-kB
family and the IFN regulatory factors (IRFs) (3, 24, 30). IRF-1
and IRF-2 are the best-characterized members of the IRF
family, originally identified by studies of the transcriptional
regulation of the human IFN-b gene (7, 8, 11, 17). Their
discovery preceded the recent expansion of this group of IFN-
responsive proteins which now includes seven other members:
IRF-3, ISGF3g/p48, ICSBP, Pip/ICSAT/IRF-4, IRF-5, IRF-6,
and IRF-7 (24). Structurally, the Myb oncoproteins also have
homology with the IRF family, although their relationship to
the IFN system is unclear (35). Interestingly, virally encoded
forms of IRF proteins were recently recognized in the genome
of the human herpesvirus 8/Kaposi’s sarcoma herpes simplex
virus, which contains four open reading frames encoding pro-
teins showing homology to the cellular IRFs (18, 31).

The IRF-3 gene encodes a 55-kDa protein which is ex-
pressed constitutively in all tissues (2). Expression of the IRF-3
gene is not stimulated by virus infection or IFN treatment
but demonstrates a unique response to viral infection. Recent
studies with IRF-3 demonstrate that virus- and dsRNA-induc-
ible phosphorylation represents an important posttranslational
modification, leading to cytoplasmic to nuclear translocation of

phosphorylated IRF-3, stimulation of DNA binding, and tran-
scriptional activation of the type 1 IFN and IFN-responsive
genes and association with the CREB binding protein (CBP)-
p300 coactivator (14, 37–39).

It is becoming clear that IRF-3 is targeted by several differ-
ent classes of viruses, not all with the same biological outcome.
Most of our studies have utilized the RNA-containing para-
myxoviruses Sendai and Newcastle disease virus as classical
viral activators of IFN production. Human cytomegalovirus
(CMV), a member of the beta herpesvirus family and an im-
portant human pathogen, was recently shown to cause tran-
scriptional activation of the interferon-stimulated gene ISG-54
by a protein synthesis and signal transducer and activator of
transcription (STAT) pathway-independent mechanism (21).
Characterization of the CMV-induced IFN-stimulated re-
sponse element binding factor (CIF) revealed that CIF was
composed of IRF-3 and the CBP coactivator, but not p300
(21). In contrast to the activation of CIF by human CMV,
adenovirus infection of human fibroblasts was able to down-
modulate IRF-3-mediated transcriptional activity, an effect
mediated by adenovirus E1A gene product (12). IRF-3 ap-
peared in a completely different context, identified in a yeast
two-hybrid screen as an interacting partner with human papil-
lomavirus type 16 (HPV-16) E6 protein (29). Although the E6
oncoprotein may possess numerous functions, E6 has been
extensively characterized as a viral product that targets the
tumor suppressor p53 for ubiquitination and degradation by
forming a ternary complex with the E6AP ubiquitin protein
ligase. In the context of IRF-3, HPV-16 E6 did not result in
ubiquitination or degradation of IRF-3; rather, E6 inhibited
the transactivation function of IRF-3 and interfered with Sen-
dai virus-mediated induction of IFN-b expression in primary
keratinocytes (29).
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These biological features implicate IRF-3 as one of the most
important IRFs with regard to direct induction of the antiviral,
growth-regulatory and immune-modulatory functions of the
IFN system. Substitution of the phosphorylated serine residues
with the phosphomimetic aspartic acid created a constitutively
activated IRF-3 that alone was able to stimulate IFN-b expres-
sion as strongly as virus infection (14). We reasoned that IRF-3
may also play a role in the virus-mediated induction of other
cytokines and chemokines (14). We now demonstrate that en-
dogenous human RANTES (Regulated on Activation Normal
T-cell Expressed and Secreted) gene transcription is directly
induced by IRF-3 in tetracycline-inducible IRF-3(5D)-express-
ing cells or paramyxovirus-infected cells.

MATERIALS AND METHODS

Plasmid constructions and mutagenesis. The wild-type (wt) and mutated
forms of IRF-3-expressing plasmids were described previously (14). CMVt-IRF-
3(5D) was constructed by cloning of IRF-3(5D) cDNA downstream of the
doxycycline (Dox)-responsive promoter CMVt at the BamHI site of the neo
CMVt BL vector (25). The RANTES promoter was amplified by PCR with Vent
DNA polymerase from human 293 genomic DNA. The gene-specific primers
used for PCR were 59-CCTTCCATGGATGAGGGAAAG-39 and 59-CATGGT
ACCTGTGGGAGAGGC-39. This 483-bp PCR product was digested with PstI
and cloned into pCAT-Basic vector (Promega) by using HindIII (filled in with
Klenow enzyme) and PstI sites. Mutated forms of the RANTES promoter were
generated by overlap PCR mutagenesis using Vent DNA polymerase with two
internal primers as follows: 59-CTATTTCAGTAAACTAAACCGTTTTGTG-39
and 59-CACAAAACGGTTTAGTTTACTGAAATAG-39 (mutated nucleotides
are underlined) for mutAB; 59-CTATTTCAGTAAACTTTTCCGTTTTGTG-39
and 59-CACAAAACGGAAAAGTTTACTGAAATAG-39 for mutA; 59-CTAT
TTCAGTTTTCTAAACCGTTTTGTG-39 and 59-CACAAAACGGTTTAGA
AAACTGAAATAG-39 for mutB. The kB site-mutated RANTES promoter,
RANTES-mutKB/CAT, was generated by PCR with primers 59-CCTTCCATG
GATGAGGGAAAG-39 and 59-TCCTCTGCAGCTCAGGCTGGCCCTTTAT
AGGGCCAGTTGAGGTTCAAGGCCTAAGGCCTGTTAGCAAAATAGC
AACCAAGC-39 (27). Mutations were confirmed by sequencing. The IRF-7-
expressing plasmid was a kind gift of Dimitris Thanos (Columbia University).

Generation of IRF-3 and IRF-3(5D) cell lines. Plasmid CMVt-rtTA (25) was
introduced into human 293 cells by the calcium phosphate method. Cells were
selected beginning at 48 h after transfection for about 1 week in the alpha
modification of Eagle’s medium (aMEM) (GIBCO-BRL) containing 10% heat-
inactivated fetal bovine serum, glutamine, antibiotics, and 2.5 ng of puromycin
(Sigma)/ml. Resistant cells carrying the CMVt-rtTA plasmid (rtTA-293 cells)
were then transfected with the CMVt-IRF-3 and CMVt-IRF-3(5D) plasmids.
Cells were selected beginning at 48 h for a period of approximately 2 weeks in
aMEM containing 10% heat-inactivated calf serum, glutamine, antibiotics, 2.5
ng of puromycin/ml, and 400 mg of G418 (Life Technologies, Inc.)/ml. For
generation of IRF-3 dominant-negative (DN) cells, IRF-3 (DN)/pEGFPC1 plas-
mid was introduced into human 293 cells by the calcium phosphate method, and
cells were selected with G418 as described above.

Cell culture and transfections. All transfections for a chloramphenicol acetyl-
transferase (CAT) assay were carried out in human embryonic kidney 293 or
Jurkat T cells grown in aMEM (293) or RPMI 1640 (Jurkat) medium (GIBCO-
BRL) supplemented with 10% fetal bovine serum, glutamine, and antibiotics.
Subconfluent 293 cells were transfected with 5 mg of CsCl purified CAT reporter
and expression plasmids by the calcium phosphate coprecipitation method. Jur-
kat cells were transfected by electroporation. In some experiments, transiently
transfected IRF-3-expressing cells were infected with Sendai virus (80 hemag-
glutinating units [HAU]/ml). For individual transfections, 5 mg (293) or 50 mg
(Jurkat) of total protein extract was assayed for 2 h at 37°C. The CAT activity was
normalized with cotransfected b-galactosidase, and all transfections were per-
formed three to six times.

Western blot analysis of IRF-3. To screen and characterize the kinetics of
IRF-3 and IRF-3(5D) induction, the expressing cells were cultured in the pres-
ence of 1 mg of Dox (Sigma)/ml for various periods of time. Cells were then
washed with phosphate-buffered saline (PBS) and lysed in 10 mM Tris-Cl (pH
8.0), 200 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 0.5% Nonidet
P-40 (NP-40), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 5 mg of leupeptin/
ml, 5 mg of pepstatin/ml, and 5 mg of aprotinin/ml. To examine subcellular
localization of the IRF-3(5D) protein, nuclear and cytoplasmic extracts were
prepared from the IRF-3(5D)-expressing cells after induction with Dox for
different periods of time. The cells were washed in buffer A (10 mM HEPES [pH
7.9], 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF) and were
resuspended in buffer A containing 0.1% NP-40. The cells were then chilled on
ice for 10 min before centrifugation at 10,000 3 g. This procedure was performed
twice to remove cytoplasmic contaminants in the nuclear extracts. After centrif-
ugation, supernatants were kept as cytoplasmic extracts. The pellets were then
resuspended in buffer B (20 mM HEPES [pH 7.9], 25% glycerol, 0.42 M NaCl,

1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 5 mg of leupeptin/
ml, 5 mg of pepstatin/ml, 5 mg of aprotinin/ml, 5 mg of spermine/ml, 5 mg of
spermidine/ml). Samples were incubated on ice for 15 min before being centri-
fuged at 10,000 3 g. Nuclear extract supernatants were diluted with buffer C (20
mM HEPES [pH 7.9], 20% glycerol, 0.2 mM EDTA, 50 mM KCl, 0.5 mM DTT,
0.5 mM PMSF). Equivalent amounts of nuclear, cytoplasmic, or whole-cell ex-
tract (10 mg) were subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) in a 10% polyacrylamide gel. After electrophoresis,
the proteins were transferred to Hybond transfer membrane (Amersham) in a
buffer containing 30 mM Tris, 200 mM glycine, and 20% methanol for 1 h. The
membrane was blocked by incubation in PBS containing 5% dried milk for 1 h
and then probed with IRF-3 antibody in 5% milk-PBS, at a dilution of 1:3,000.
These incubations were done at 4°C overnight or at room temperature for 1
to 3 h. After four 10-min washes with PBS, membranes were reacted with a
peroxidase-conjugated secondary goat anti-rabbit antibody (Amersham) at a
dilution of 1:2,500. The reaction was then visualized with the enhanced chemi-
luminescence (ECL) detection system as recommended by the manufacturer
(Amersham).

EMSA. The GST-IRF-3(133) fusion protein was expressed and purified as
described previously (32). Whole-cell extracts were prepared from 293 cells with
or without infection with Sendai virus (80 HAU/ml). In some experiments,
extracts were prepared from 293 cells transfected with pFLAG/CMV-2 vector,
IRF-3/pFLAG, or IRF-3 (5D)/pFLAG (infected with Sendai virus or left un-
treated as indicated in individual experiments). Cells were washed in PBS and
lysed in 10 mM Tris-Cl(pH 8.0), 60 mM KCl, 1 mM EDTA, 1 mM DTT, 0.5%
NP-40, 0.5 mM PMSF, 10 mg of leupeptin/ml, 10 mg of pepstatin/ml, 10 mg of
aprotinin/ml, 0.5 ng of chymostatin/ml, and 0.25 mM microcystin. Recombinant
IRF-3 protein or whole-cell extracts were subjected to an electrophoretic mo-
bility shift assay (EMSA) by using a 32P-labelled probe corresponding to the
ISRE region of the RANTES promoter (wt, 59-CTATTTCAGTTTTCTTTTCC
GTTTTGTG-39; mutAB, 59-CTATTTCAGTAAACTAAACCGTTTTGTG-39;
mutA, 59-CTATTTCAGTAAACTTTTCCGTTTTGTG-39; and mutB, 59-CTA
TTTCAGTTTTCTAAACCGTTTTGTG-39) or the ISRE region of the ISG-
15 promoter (59-GATCGGGAAAGGGAAACCGAAACTGAAGCC-39). The
binding mixture (20 ml) contained 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 50
mM NaCl, 2 mM DTT, 5% glycerol, and 0.5% NP-40; 62.5 mg of poly(dI-dC)/ml
was added to reduce nonspecific binding. After a 20-min incubation with probe,
the resulting protein-DNA complexes were resolved on a 5% polyacrylamide gel
and exposed to X-ray film. To demonstrate the specificity of protein-DNA
complex formation, a 200-fold molar excess of unlabelled oligonucleotide was
added to the cell extract before adding labelled probe or preincubated with
anti-CBP antibody A-22 (Santa Cruz) and anti-FLAG antibody M2 (Sigma).

RPA and ELISAs. For a ribonuclease protection assay (RPA), cells were
induced with Dox for 48 h or for different lengths of time as indicated and were
either left untreated, infected with Sendai virus (80 HAU/ml) for 16 h, treated
with IFN-a/b, or treated with neutralizing antibody for type I IFN (Sigma). Total
RNA was prepared from the cell pellets by using the Qiagen RNeasy Kit. Total
RNA (5 mg) was subjected to an RPA using the hCK-5 chemokine template of
RiboQuant multiprobe RPA kit in accordance with the manufacturer’s instruc-
tions (Pharmingen, San Diego, Calif.). Culture supernatants were collected and
clarified by centrifugation at 5,000 3 g for 10 min, and the supernatants were
stored at 280°C until used for the enzyme-linked immunosorbent assay
(ELISA). The concentration of secreted RANTES protein was determined by
using the Human RANTES ELISA kit, following the manufacturer’s instructions
(BioSource International, Camarillo, Calif.).

RESULTS

Tet-inducible IRF-3-expressing cells. To begin to identify
other cytokine-chemokine genes that may be regulated by the
IRF-3 transcription factor, human embryonic kidney (293)
cells inducibly expressing IRF-3 and IRF-3(5D) were created
by using the reverse tTA activator (rtTA) (10, 25), which per-
mits Dox-inducible expression of IRF-3 and IRF-3(5D). Indi-
vidual clones of double transformants (20 from each transfec-
tion) were expanded and screened for protein expression by
immunoblot analysis. Two individual clones from rtTA-IRF-3
or rtTA-IRF-3(5D) cells that possessed minimal uninduced
protein levels and high Dox-inducible expression were chosen
for further study. Figure 1 illustrates the kinetics of Dox-in-
ducible transgene induction from one of each of these clones.
Beginning at 12 h after induction in the wt IRF-3-expressing
cell line (Fig. 1A, lane 5) and at 8 h in the IRF-3(5D)-express-
ing cell line (Fig. 1B, lane 4), Dox-induced transgene expres-
sion was detected by immunoblot analysis. Induced IRF-3(5D)
migrated more slowly than endogenous IRF-3 at the position
of phosphorylated IRF-3. Previously, IRF-3(5D) was shown to
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localize to both the cytoplasm and the nucleus in unstimulated
cells (14). Using biochemical fractionation of cytoplasmic and
nuclear extracts, Dox-induced IRF-3(5D)—detectable at 12 h
after induction (Fig. 1C, lanes 2 and 6)—also partitioned to
both the nucleus and cytoplasm (Fig. 1C, lanes 2 to 4 and 6 to
8), whereas the endogenous IRF-3 was almost exclusively cy-
toplasmic (Fig. 1C, lanes 1 to 4) as was the tubulin control.
Thus, IRF-3(5D) stably expressed as a Tet-inducible protein in
293 cells also localized to both the nucleus and cytoplasm, as
previously demonstrated by green fluorescent protein analysis
in transiently transfected cells (14).

Activation of RANTES transcription by IRF-3 and virus.
The IRF-3-inducible cells were next used to determine wheth-
er other cytokine-chemokine genes may be regulated by IRF-
3; an RPA with multiple human cytokine-chemokine probes
(Pharmingen) was used to examine RNA derived from rtTA-
IRF-3 or rtTA-IRF-3(5D) cells. Strikingly, the RANTES gene
was highly expressed in the IRF-3(5D)-inducible cells, as well
as in virus-infected cells (Fig. 2A, lanes 3, 5, and 7) but not in
uninfected rtTA- or wt IRF-3-expressing cells (Fig. 2A, lanes 1
and 4). Since IRF-3(5D) was a strong transactivator of the
IFN-b promoter in transient transfection assays, the possibility

of an autoregulatory effect of IFN-a/b expression on transcrip-
tion of RANTES promoter via JAK-STAT activation was con-
sidered. Activation of RANTES did not occur secondary to the
production of IFN-a/b, since RANTES mRNA was not de-
tected in control rtTA-expressing cells treated directly with
IFN-a/b (Fig. 2A, lane 2); furthermore, addition of neutraliz-
ing antibody directed against type I IFN did not block the
stimulation of RANTES gene expression by IRF-3(5D) (Fig.
2A, lane 8). Other experiments also demonstrated that IRF-3
itself was not activated by IFN treatment (13a). Inducible ex-
pression of RANTES in cells stably expressing a dominant-
negative form of IRF-3 which lacks the N-terminal amino acids
9 to 133 and does not bind to DNA was also examined. As
shown in Fig. 2B, RANTES gene transcription was induced by
Sendai virus in control (rtTA) cells (Fig. 2B) but not in IRF-3
(DN)-expressing cells (Fig. 2B). This experiment indicates that
a non-DNA binding, dominant-negative mutant of IRF-3 is
able to block completely virus-induced activation of RANTES
transcription.

The kinetics of IRF-3 transgene induction and RANTES
mRNA expression were characterized at various times follow-
ing Dox induction. IRF-3(5D) was detected at 8 to 12 h with
peak levels at 24 h following Dox addition (Fig. 1B). RANTES
mRNA was first detectable at 18 h after Dox induction with
peak levels at 40 h (Fig. 2C, lanes 5 to 10). Induction of
RANTES protein expression as detected by ELISA (Fig. 2D)
was first observed at 12 h after Dox induction of IRF-3, in good
agreement with the mRNA levels, and accumulated thereafter
with a dramatic increase between 24 and 32 h after stimulation,
also in agreement with mRNA levels. The possibility that
IRF-3(5D) may be directly activating another transcription
factor, such as NF-kB, which in turn would stimulate RANTES
transcription, was also considered. No evidence for IRF-3
(5D)-mediated activation of NF-kB DNA binding activity was
observed; similarly, IRF-3(5D) expression did not activate the
human immunodeficiency virus (HIV)-long terminal repeat, a
complex promoter controlled by NF-kB and other transcrip-
tion factors (data not shown).

IRF-3 binds to overlapping ISRE-like elements in the
RANTES promoter. Several potential transcription factor bind-
ing sites were found within the region immediately upstream of
human RANTES promoter (22), including three overlapping
ISRE sites located between nucleotides 2123 and 296 in the
minus strand that share 11 of 14, 10 of 14, and 10 of 14
nucleotides with the consensus ISRE site (Fig. 3A). The bind-
ing of recombinant N-terminal IRF-3 to this region was exam-
ined by EMSA. IRF-3 bound strongly to the wt ISRE probe
(Fig. 3B, lanes 1 to 3). This protein-DNA complex was specific
since IRF-3 binding was efficiently competed with a 200-fold
excess of unlabelled wt ISRE from the RANTES promoter and
with the ISRE element from the ISG15 promoter and was
partially competed with the synthetic tetrahexamer-TH
(AAGTGA4) oligonucleotide (Fig. 3B, lanes 5, 7, and 8) but
was unaffected by a 200-fold excess of mutated RANTES ISRE
or the PRDI-PRDII element of the IFN-b promoter (Fig. 3B,
lanes 7 and 9). Furthermore, IRF-3 failed to bind to oligonu-
cleotides which contained mutations blocking all three ISRE
sites (mutAB) or two upstream ISRE sites (mutA) (Fig. 3C,
lanes 5 to 8 and 13 to 15) and bound only weakly to the
oligonucleotide containing mutations in two downstream ISRE
sites (Fig. 3C, lanes 9 to 12).

IRF-3 and IRF-3(5D) DNA binding activity was also exam-
ined by an EMSA using whole-cell extracts (10 mg) derived
from 293 cells transfected with pFLAG-CMV2 vector, IRF-3/
pFLAG, or IRF-3(5D)/pFLAG and either left untreated or
infected with Sendai virus (Fig. 4). In virus-induced control or

FIG. 1. Inducible expression of IRF-3 and IRF-3(5D) in 293 cells. Whole-cell
extracts (10 mg) prepared from rtTA, IRF-3 (A), and IRF-3(5D) (B) cells in-
duced with Dox for 0 to 96 h were subjected to SDS-PAGE and transferred to
nitrocellulose membrane. (C) To examine IRF-3(5D) protein subcellular local-
ization, cytoplasmic and nuclear extracts (20 mg) from IRF-3(5D) cells induced
with Dox for 0 to 36 h were prepared, subjected to SDS-PAGE, and transferred
to nitrocellulose membrane. IRF-3 and IRF-3(5D) protein levels were detected
by using a polyclonal IRF-3 antibody. IRF-3(5D) protein migrated slower than
endogenous IRF-3 protein, at the position previously identified for C-terminal
phosphorylated IRF-3 (14). To verify the purity of the cytoplasmic and nuclear
extracts, extracts were probed with an a-tubulin monoclonal antibody (ICN Bio-
medicals).
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IRF-3/pFLAG-expressing cells, a new protein-DNA complex
was identified by EMSA (Fig. 4, lanes 2 and 5). This protein-
DNA complex, which was previously characterized in detail
(14, 38, 39), contained CBP coactivator as confirmed by super-
shift analysis with the A22 antibody (Fig. 4, lane 3). Strikingly,
the same complex was present in untreated IRF-3(5D)/
pFLAG-expressing cells (Fig. 4, lane 6), further demonstrating
the constitutive DNA binding of the activated form of IRF-3.
Supershift analysis demonstrated that this protein-DNA com-
plex also contained IRF-3 and CBP (Fig. 4, lanes 7 and 8).
Competition with excess ISRE elements from the RANTES or
ISG-15 promoters successfully depleted the binding of the
complex (Fig. 4, lanes 9 and 10), whereas mutated RANTES
ISRE failed to compete for IRF-3(5D) binding activity (Fig. 4,
lane 11).

Regulation of RANTES transcription by ISRE and NF-kB
sites. To further explore IRF-3 regulation of RANTES pro-
moter activity, a 432-bp (nucleotides 2425 to 17) sequence of
the wt and mutated human RANTES gene promoter (22) was
cloned into the pCAT-reporter vector (Promega), and unin-
duced and induced reporter gene activity after transient co-
transfection into 293, Jurkat, and U937 cell lines was tested. In
uninfected cells, both wt and mutated forms of the RANTES
promoter had low basal activity (Fig. 5A). Virus infection re-
sulted in a 40-fold induction of RANTES activity in 293 cells
(Fig. 5A) and an eightfold induction in Jurkat cells (Fig. 5C).
In contrast, the ISRE-mutated RANTES promoters were not
activated upon Sendai virus infection (Fig. 5B and D). Cotrans-
fection with the IRF-3(5D)-expressing plasmid stimulated ex-
pression of wt RANTES promoter up to 80-fold in 293 cells
without virus infection (Fig. 5A); additional Sendai virus in-
duction stimulated promoter activity in the IRF-3(5D)-ex-
pressing cells only slightly (Fig. 5A). Both the A and B muta-
tions of the ISRE-like sites also blocked RANTES activation
by virus and IRF-3(5D), again reflecting the requirement for
an intact ISRE element (Fig. 5B). Interestingly, inducible ex-
pression of the RANTES promoter by Sendai virus infection
was inhibited by cotransfection with a dominant-negative mu-
tant of IRF-3 which lacks the DNA binding domain (14) or
with the IRF-2 repressor (Fig. 5A). Two other IRF family
members—IRF-1 and IRF-7—had no effect on expression of
the RANTES promoter (Fig. 5A). A difference between the
two cell types was observed with wt IRF-3 coexpression; in 293
cells, additional IRF-3 did not further stimulate Sendai virus
activation of RANTES (Fig. 5A) whereas in Jurkat cells, IRF-3
overexpression more than doubled virus-induced activation of
the RANTES promoter (Fig. 5C), possibly reflecting quanti-
tative differences in the levels of IRF-3 in the two cell types.

Two NF-kB sites contribute to RANTES transcriptional ac-
tivation by stimuli such as phorbol myristate acetate-iono-
mycin, proinflammatory cytokines (tumor necrosis factor
alpha [TNF-a] and interleukin 1 [IL-1]) or anti-CD3 and
anti-CD28 antibodies (19, 27). The possible utilization of
these two NF-kB sites in virus- and IRF-3-mediated activation
of RANTES gene transcription was examined by analyzing the
effects of NF-kB site mutations on RANTES induction. Mu-

FIG. 2. IRF-3 inducible expression of RANTES gene. (A) Stimulation of
RANTES gene transcription in virus-infected and IRF-3(5D)-expressing cells.
The rtTA, IRF-3, and IRF-3(5D) cells were cultured in the presence or absence
of Dox as indicated. After 30 h, cells were either left untreated, infected with
Sendai virus (80 HAU/ml) for 16 h, or treated with IFN-a/b (100 IU/ml). The
neutralizing antibody for type I IFN (Sigma) was added at the time of Dox
addition. Total RNA was isolated from each sample and analyzed by RPA us-
ing the hCK5 kit (Pharmingen) as described in Materials and Methods. (B)

Repression of virus-induced RANTES gene transcription by a dominant-nega-
tive form of IRF-3. The rtTA- and IRF-3(DN)-expressing cells were either left
untreated or infected with Sendai virus (80 HAU/ml) for 16 h. Total RNA was
isolated from each sample and analyzed by RPA. (C) The kinetics of RANTES
expression induced by IRF-3(5D). Total RNA from IRF-3(5D)-expressing cells
was isolated from each sample after Dox addition and analyzed by RPA. (D) Cell
culture supernatants were analyzed for the presence of RANTES protein by an
ELISA performed as specified by the manufacturer (Biosource International).
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tation of the NF-kB sites reduced virus-activated RANTES
promoter activity from 50- to 25-fold—an overall twofold re-
duction—indicating a small but significant role for the NF-kB
sites in virus-induced RANTES expression (Fig. 6). However,
mutation of the NF-kB sites had essentially no effect on the
inducible expression of RANTES promoter by IRF-3(5D)
(Fig. 6).

DISCUSSION

In the present study, we demonstrate that infection with
Sendai virus or expression of the constitutively activated phos-
phomimetic form of IRF-3 directly binds to and stimulates
transcription of the human RANTES promoter via the over-
lapping ISRE elements. Mutation of the ISRE sites blocked
the IRF-3(5D)-induced or virus-mediated expression from this
promoter. Together with the repression of virus-induced ex-
pression of the RANTES gene by the dominant-negative IRF-
3 mutant, these results demonstrate that IRF-3 plays a primary
role in the virus-inducible activation of RANTES gene. Thus at
least one member of the chemokine superfamily is also directly
targeted by the virus-dependent, posttranslational activation of
IRF-3.

FIG. 3. Binding of IRF-3 to ISRE-like sites in RANTES promoter. (A) The
upstream sequence of RANTES gene contains putative ISRE sites. Numbers
indicate the nucleotide positions relative to the transcriptional start site (22). The
wild-type (wt) and mutated ISRE probes used for the EMSA are also shown.
Three overlap putative ISRE sites are underlined. (B) Recombinant N-terminal
IRF-3 binds to the RANTES ISRE probe. EMSA was performed with the
indicated amounts of recombinant protein and 32P-labelled wt RANTES ISRE
(as shown in panel A). For competition, 200-fold excess of unlabelled oligonu-
cleotide was added as indicated. (C) EMSA was performed with the indicated
amounts of recombinant protein and 32P-labelled wt RANTES and mutated
ISRE probes (as shown in panel A).

FIG. 4. Binding of IRF-3 to ISRE-like sites in RANTES promoter. An
EMSA was performed using whole-cell extracts (20 mg) derived from control 293
cells transfected with pFLAG-CMV2, IRF-3/pFLAG, or IRF-3(5D)/pFLAG
which was either left untreated or infected with Sendai virus. The 32P-labelled
probe corresponds to the ISRE of the ISG-15 gene (59-GATCGGGAAAGGG
AAACCGAAACTGAAGCC-39). Anti-CBP antibody A22 and anti-FLAG an-
tibody M2 were added as indicated to demonstrate the presence of CBP and
IRF-3 in the high-molecular-weight protein-DNA complex, indicated by the
arrow. The bracket indicates the position of IRF-2 binding to the probe. For
oligonucleotide competition, a 200-fold excess of unlabelled oligonucleotide was
added as indicated above the lanes.
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Other members of the IRF family of transcription factors
are potentially able to stimulate transcription from promot-
ers containing ISRE-like elements, including IRF-1, IRF-7,
and ISGF3g/p48. ISGF3g/p48 recognizes and binds to various
ISREs but exerts its transcriptional activity exclusively in asso-
ciation with the STAT1 and STAT2 proteins, as part of the
ISGF-3 complex (24, 37). Based on the present data, ISGF3
does not appear to regulate direct induction of RANTES.
Transcription was not activated by type I IFN (Fig. 2A, lane 2)
and in transient cotransfection assays, treatment with IFN-a/b
or IFN-g had little or no effect on the activity of the RANTES-
CAT reporter (data not shown), indicating the JAK-STAT
pathway and the ISGF3 complex do not contribute to
RANTES activation in 293 cells. Similarly, in coexpression
studies, IRF-1 and IRF-7 failed to play a major role in the
activation of the RANTES promoter (Fig. 5A).

RANTES, an important inflammatory chemoattractant for
monocytes, T cells and eosinophils (13, 33), is a member of
CC-chemokine family (26, 28) and is expressed after cellular
activation in fibroblasts, T cells, monocytes, endothelial cells,
and certain epithelial cells (15). RANTES and CC-chemokines
MIP-1a and MIP-1b were identified as the major HIV-sup-
pressive factors released by cytotoxic-suppressor CD81 T-lym-
phocytes (4), acting via the inhibition of macrophage-tropic
but not T cell-tropic HIV-1 strains (6). It is now well rec-
ognized that the chemokine receptor CCR5—a seven-trans-
membrane, G-protein coupled receptor found on T cells and
macrophages—functions as an HIV-1 fusion cofactor and
binds RANTES, MIP-1a, and MIP-1b. Expression of CCR5 in
the presence of CD4 confers permissiveness to membrane fu-
sion by M-tropic virus strains (6). It has been recently demon-
strated that RANTES also inhibits infection by certain T-tropic
HIV-1 viruses (34).

RANTES is expressed relatively late after activation of pe-
ripheral blood T cells by antigen or mitogens but is rapidly
induced in normal fibroblasts and epithelial cells by TNF-a and
IL-1b, suggesting that different control mechanisms may reg-
ulate RANTES transcriptional activation (22). Among the
multiple regulatory domains identified in the RANTES up-
stream promoter are two binding sites for the NF-kB transcrip-
tion factors, located between positions 278 to 242 upstream
from the transcription initiation site (19, 23, 27). Induction of
NF-kB plays an important role in RANTES gene activation by
stimuli such as PMA-ionomycin, proinflammatory cytokines
(TNF-a and IL-1), or anti-CD3 and anti-CD28 antibodies (19);
furthermore, NF-AT-like and a CD28RE-like motifs also serve
as NF-kB binding sites (19). In contrast, the NF-kB sites in the
murine RANTES promoter failed to play a significant role in
virus-mediated activation of this gene (15). Sequence analysis
of the murine RANTES promoter revealed that a number of
regulatory motifs in human RANTES promoter are also pres-
ent in murine RANTES promoter, including NF-kB and an
IRF-1 response element (5). However, this study demonstrates
for the first time the involvement of an IRF family member in
the regulation of RANTES gene expression.

Viruses are known to acquire and modify genes of cellular
origin to gain a survival advantage against host defenses. This
evolutionary subversion by viruses also provides important

FIG. 5. Transactivation of the RANTES promoter by IRF-3. 293 (A and B)
and Jurkat (C and D) cells were transfected with wt (A and C) or mutated (B and
D) RANTES promoter-CAT reporter plasmids and various expression plasmids
as indicated below each bar graph. At 24 h posttransfection, cells were infected
with Sendai virus for 16 h or were left uninfected as indicated. CAT activity was

analyzed at 48 h posttransfection with 5 mg (293) or 50 mg (Jurkat) of total
protein extract for 2 h at 37°C. Relative CAT activity was measured as fold
activation (relative to the basal level of reporter gene in the presence of CMV-B1
vector alone after normalization with cotransfected b-galactosidase activity). The
values represent the averages of three to six experiments with standard devia-
tions shown in the error bars.
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clues concerning defense strategies that are critical to the gen-
eration of a successful immune response to particular viral
pathogens. For example, several viral chemokine receptors
have been discovered (reviewed in reference 20). The first
functional viral chemokine receptor identified and charac-
terized was ECRF3 of herpesvirus saimiri, the receptor for the
CXC chemokines IL-8, GROa, and NAP-2 (1). A viral chemo-
kine receptor encoded by the human CMV US28 gene binds
the CC-chemokines RANTES, MIP-1a, and MIP-1b (9) and
interferes with chemokine function. It has been suggested that
herpesvirus saimiri and human CMV may use chemokine re-
ceptors to control viral replication by regulating cell cycle pro-
gression of the host cell or by inhibiting cellular apoptosis (20).
In contrast, several poxvirus cytokine receptor homologues
have been discovered that are secreted into the extracellular
milieu (16). Poxviruses may use these receptors as secreted
cytokine antagonists to scavenge host cytokines and block the
generation of an antiviral defense cascade, mediated in part by
cytokine receptor signalling.

In many respects, IRF-3 has a mode of activation similar to
that of the NF-kB factors. In unstimulated cells, NF-kB het-
erodimers are retained in the cytoplasm by the inhibitory IkB
proteins. Upon stimulation by many inducers, including cyto-
kines, viruses, and dsRNA, IkBa is rapidly phosphorylated and
degraded, resulting in the release of NF-kB (3). Thus, both
IRF-3 and NF-kB are present in an inactive form localized to
the cytoplasm in unstimulated cells. Virus-induced phosphor-
ylation of IRF-3 at the C-terminal Ser-Thr cluster between
amino acids 396 to 405 appears to alter the conformation of
IRF-3 to permit nuclear translocation, DNA binding, transac-
tivation, and interaction with the CBP/p300 coactivator (14, 21,
37–39). Subsequent degradation of IRF-3 by a phosphoryla-
tion-dependent, proteasome-dependent pathway (14) is also
reminiscent of IkBa phosphorylation and degradation, which

leads to the induction of NF-kB DNA binding activity (3). In
this study, we demonstrated that IRF-3 plays an essential role
in the virus-inducible activation of RANTES gene expression
and the adjacent NF-kB sites also contribute, indicating that
following virus infection, activated forms of IRF-3 and NF-kB
bind to the cis-elements of the RANTES promoter and syner-
gistically stimulate human RANTES transcription. The possi-
bility of the involvement of common signalling pathways con-
trolling IRF-3 and NF-kB phosphorylation is currently under
investigation.
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